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FOREWORD

The motivation for the research reported in this document was to
simulate the low-level wind and turbulence profiles associated with both
local thunderstorm gust fronts and synoptic-scale warm fronts using the
Aeronautical Research Associates of Princeton, Inc. (A.R.A.P.) model
of turbulent flow in the atmospheric boundary layer. The sensitivity of
the thunderstorm gust front to five dimensionless parameters is examined
as well as the sensitivity of the warm front to variations in the Rossby
number. Conclusions resulted from the study relative to conditions which
lead to wind shears hazardous for aircraft operations. '

This research was conducted by Aeronautical Research Associates
of Princeton for the National Aeronautics and Space Administration,
George C. Marshall Space Flight Center, Huntsville, Alabama, under the
technical direction of Mr. Dennis W, Camp and Mrs, Margaret B, Alexander
of the Space Sciences Laboratory. The support for this work was provided
by Mr. John Enders of the Aeronautical Operating Systems Division, Office
of Advanced Research and Technology, NASA Headquarters.
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NOMENCLATURE

ambient horizontal convergence surrounding the thunder-
storm downdraft

Coriolis function sec™l
gravitational constant

height of computational domain; also height at which down-
draft is released

Margules' parameter for the slope of a front (Aungo/gAe)
pressure

total turbulent velocity fluctuation

radial coordinate

Rossby number (ug/fzo)

reference temperature taken as 300°K in the simulations

mean radial velocity for the gust front, or mean horizontal
velocity parallel to the warm front

geostrophic velocity parallel to the warm front

mean horizontal velocity normal to the warm front
geostrophic velocity normal to the warm front

mean vertical velocity

characteristic velocity in the downdraft (gIAelh/To)16
vertical coordinate

change in ug across the warm front

change in © across the warm front, or defect in 6 within
the downdraft.

component of vorticity

stream function

ambient potential temperature lapse rate

macroscale of turbulence

density

virtual potential temperature

spread of imposed downdraft at the top of the domain

Contour notation for the figures:

All contours except in Figs. 25-28 are labeled as a

multiple of the normalizing wvalue.
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Contour notations for the figures (continued)

Velocities in Figs. 2-24 are normalized by % , which for
A6 =-10°K and h = 1.6 km is equal to 22.87 m/sec. Dimensional
times and length scales shown are for these particular values
of A8 and h . In Fig. 20 where & = 0 , velocities are still
normalized by 22.87 m/sec for ready comparison with the other
figures.

Velocities in Figs. 29-36 are normalized by Au or the
maximum value indicated in: the figure title.

Temperatures in all figures are normalized by the appropriate
A

Pressure perturbations in Figs. 25-28 are given directly in
millibars for A8 =-10°K and h = 1.6 km . For other values
Ap should be scaled by (gaA6h).
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I. INTRODUCTION

The investigation of aircraft accidents as well as model
simulation of wind distributions in the lowest 500 m of the at-
mosphere has shown that strong fronts are a major source of
hazardous wind shear conditions (Refs. 1 and 2). 1In this report,
we will simulate two types of hazardous front conditions. The
first is the local gust front created by the rain-cooled outflow
from a severe thunderstorm. The second is the synoptic-scale warm
front with its stable temperature gradients leading to high wind
shear at relatively low values of turbulence.

The numerical simulations described herein were performed
using a computer model developed at A.R.A.P. over the last few
years to solve for the velocity, temperature and turbulence dis-
tributions in the atmospheric boundary layer (Refs. 3-8). Details
of our atmospheric boundary layer model, based on invariant
modeling for the closure of the dynamic equations of the ensemble-
averaged, single-point, second-order correlations of the fluctuating
velocities and temperature, are given in Ref. 9. The basic assump-
tion is that the third-order correlations of the velocity fluc-
tuations depend upon the second-order correlations, the mean
flow properties, and their derivatives in an invariant manner
with respect to changes in flow geometry. This permits data
from relatively simple flow experiments to be used in evaluating
the necessary coefficients in the modeled terms.

Downdrafts from a thunderstorm have been a contributing fac-
tor in several specific aircraft accidents, e.g., at JFK Air-
port on June 24, 1975, and at Denver on August 7, 1975. These
and other similar accidents have been considered case-by-case
in Refs. 7-10. The present report uses the general gust front
model to determine the sensitivity of the gust front structure
to variations in the basic governing parameters. In this way,
we determine what conditions lead to the most severe wind shear
conditions below 500 m altitude.

The structure and evolution of the gust front as predicted
by the A.R.A.P. model for nominal conditions has been presented
at the 10th Conference on Severe Local Storms, October 18-21, 1977,
Omaha, Nebraska. This paper is included herein as Appendix A.
It includes a detailed listing of the equations used for the
axisymmetric model simulation.

Several accidents have also been associated with warm fronts
(Ref. 2). The warm front represents a stable balance between
geostrophic and hydrostatic forces. The warm front simulations
presented herein use the same basic model as the thunderstorm gust
front with Coriolis forces added. The big difference in type and
scale is accomplished by changes in the boundary conditions. While
the thunderstorm gust front model follows the time evolution for
typically 15-20 minutes simulation, a few hours are required for the
development of the warm front. A review of the essential features



of the model as related to a warm front, its physical scaling,
and simulation results are given in Section III.



"IT. THUNDERSTORM GUST FRONT

In this Section, we will first briefly review the model.
Next, we will present the physical scaling of the phenomena in
order to clarify the dimensionless parameters governing the flow.
Third, we will present the results of several individual numerical
simulations to exemplify the variation induced by different para-
meters. Finally, the results of the scaling and numerical simula-
tions will be used to discuss the conditions which lead to the
most severe wind shear conditions below 500 m altitude.

Review of Model

The simulated flowfield is illustrated in Fig. 1 of Appendix
A. The downdraft may be simulated as either an axisymmetric or a
plane cold jet impinging on the ground and spreading outward.
It is driven by its negative buoyancy as represented by a defect
in the potential temperature of the downdraft with respect to its
surroundings. The complete equations are given in an axisymmetric
coordinate system at the end of Appendix A. To obtain the equa-
tions in a two-dimensional, planar coordinate system, the radius

r can be allowed to approach « . In this process, all of the
variables with the wavy overbar should be multlplled by r, i.e.,
ri=n, rU = U, rdiw =1uw , and rub = ub

At the beginning of the simulation the cold shaft of air is
released with some initial downward velocity at the top of the
domain. The ground surface is represented by an effective aero-
dynamic roughness and a surface temperature. The ambient air
status is represented by a lapse rate and the horizontal conver-
gence induced by the parent thunderstorm.

As the downdraft impinges on the ground and spreads outward,
it creates the local gust front. Under proper soil conditions,
it picks up enough dust for the leading edge to be clearly wvisible
as in Fig. 1. When the simulated front given in detail in Ap-
pendix A is visualized in terms of temperature defect intensity,
with the vertical and horizontal dimensions shown to the same scale,
the leading edge appears as shown in Fig. 2. The strong quanti-
tative similarity between Figs. 1 and 2 is readily apparent. The
quantitative predictions also appear consistent with available
observations.

Physical Scaling

The dimensional variables affecting the downdraft are the
potential temperature defect, A8 ; the height, h , of the poten-
tial temperature defect; the surface roughness, =z, ; the ambient
lapse rate, T, ; the ambient convergence, Cy = 3Wgr/rdr ; and
the vertical velocity W3 , and spread o of the downdraft at the
top of the domain. In forming the dimensionless variables, it is
necessary to add one constant, the ratio of gravity, g , to the
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reference temperature T, . When h 1is chosen as the charac-
teristic lgngth, A6 the characteristic temperature and
(|A6]hg/To)% = W, the characteristic velocity; the flow may be
specified in terms of the following five dimensionless para-
meters '

Wj/ﬁ , zo/h , Pah/Ae , Cah/ﬁ , o/h (1)

The unsteady time evolution may then be viewed in terms of the
dimensionless time t%/h . Since the turbulence correlations are
all being determined by the flow, they should all scale with &
and A6 . There is the possibility of introducing another variable
in association with the surface temperature. However, in the
present model runs, the surface temperature has been set equal to
the ambient air temperature at the surface.

The advantage of the above normalization is that the results
of one model simulation can be used to determine the flow vari-

ables for other values of A6 and h . The model simulation
results given in Appendix A for A6 =-10°K , h = 1.6 km ,
o =2 km , z, = lm, T, =0, and Ca =5 x 10-%4 sec , have
wj/w = 0.437
z,/h = 6.25 x 10-4
o/h = 1.25 (2)
r,h/ae =0
Cah/ﬁ = 0.04

These results are valid for other values of A6 and h "as long
as all velocities are scaled by W , all lengths by h , and all
temperatures by A6 . The only restriction is that the dimension-
less parameter values given in Eq. (2) must be maintained. The
dimensionless character of the gust front may be expected to

vary as these governing parameters vary.

The evolution of U, 6 , W and q? 1is shown in Figs.
3-6 for this typical model run. In these figures, we show only
the bottom 500 m of the flow, since for aircraft operations this
is the region of greatest concern.

In the next section, the results of a number of model simula-
tion runs are given to elucidate the influence of varying the
five dimensionless parameters.

Sensitivity to Dimensionless Parameters

In this section we present the results of eleven individual
model simulations for different combinations of the dimensionless
parameters given in Eq. (1). This by no means exhausts the pos-
sibilities, but it does provide a good indication of the variability
to be expected. The nominal values of the parameters used in the
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simulation in Appendix A and given in Eq. (2) are taken as the
base values and each of the parameters allowed to vary in turn
with the others held fixed. Table 1 summarizes the input para-
meter values, and gives a few key measures of the simulation out-
put. Three simulations of a two-dimensional, planar downdraft
are also included in Table 1.

A quick look at Table: 1 shows that the phenomenon is quite
similar throughout most of the range of the parameters considered.
Within the axisymmetric cases, the parameter which induces most
influence is o/h . Too narrow a downdraft gets destroyed by
turbulent mixing before it reaches the surface. Thus when
o/h 5 0.1 the gust front does not get a chance for effective
formation. At larger values of o/h the maximum horizontal gust
velocity is relatively independent of o/h , but the depth of the
outflow is increased as o/h increases. Thus the larger o/h ,
the slower the decrease in U as the gust spreads radially out-
ward.

The sensitivity to o¢/h may be seen in greater detail by
comparing Figs. 7-9 with the corresponding curves in Figs. 3 and 4.
The erosion of the temperature defect before it reaches the ground
is clearly evident in Fig. 6a for the small value of o/h = 0.0625.

The influence of zy/h 1is seen by comparing Figs. 10 and 11
with the corresponding curves in Figs. 3 and 6. Increasing the
roughness does increase the turbulence level modestly, but, even
an increase of a factor of 100 does not raise the height at
which the maximum horizontal velocity occurs as much as might be
expected. At the simulation time of 1000 sec, the height of Upgx
in the outer region of the gust is only raised from =z » 30 m
to z = 65 m by increasing 2z, by 100 times.

The influence of changing w3i/®% may be seen by comparing
Figs. 10 and 11 with Figs. 1 and 2. Increasing wj/% has two
effects. It increases Up,yx approximately by a factor of
(1 + w§/%®)% and it slightly increases the depth of the outflow
layer.

The influence of changing the ambient stability as represented
by the parameter I'_h/A® may be seen by comparing Figs. 14-16
with Figs. 3, 4 and 6. The major influence appears to be to in-
crease the depth of the outflow layer in the unstable case with
only a slight reduction in depth for the stable case. 1In the
stable case, most of the influence of the change could be in-
corporated into the scaling by noting that the effective poten-
tial temperature defect is decreased. By keeping the defect the
same at the top of the domain, the ambient stability forces it to
be less at the surface.

The least influential parameter in these runs was the value
of the ambient convergence, as may be seen from Figs. 17 and 18.

11
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TABLE I

Gust Front Model Parameters

Z
Simulation Zi fg a Fah Cah Umax q;ax r HEEEQSRW _E?EEE
# 4 h h X @ & e ) @
(@ == = 1.43)
Axisymmetric simulations
1 0.437 6.25x10~4 1.25 0 0.04 1.3 .32 5 .78 .033
2 0.437  6.25x10"%  0.31 0 0.04 1.1 .33 2.8 0 -
3 0.109  6.25x10™%  1.25 0 0.04 1.0 .40 4.9 48 .031
4 0.437  6.25x10~%  0.0625 0 0.04 0.45 .22 1.6 0 -
5 0.437  6.25x1072  1.25 0 0.04 1.4 .32 5.2 .75 .042
6 0.437  6.25x10"4  1.25 0 0 1.3 24 5.4 74 .061
7 0.875  6.25x10"%  1.25 0 0.04 1.6 .19 5.4 .93 .086
8 0.437  6.25x106  1.25 0 0.04 1.4 .32 5.4 .88 .028
9 0.437  6.25x10"%  1.25 0 0.08 1.3 .31 4.4 .74 -.035
10 0.437  6.25x10™%  1.25 0.48  0.04 1.3 71 5.5 .53 .087
11 0.437  6.25x10™%  1.25  -0.48  0.04 1.5 .32 5.1 .83 .039
Planar 2-D simulations
12 0.437  6.25x10~%  1.25 0 0.04 1.1 .25 4. 5% .86 .083
13t w 6.25x10"%  1.25 0 0.04 0.30 .022 2.2 0 -
14t (same as 13 but with evaporation) 0.67 .20 4.0 .26 .05

* @ %? = 11.7

+ These two runs have been normalized by the same value of & = 22.87 m/sec as the others although it would be
more appropriate to use wj = 10 m/sec for #13 and 17.1 m/sec for #14.
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Figure 14. Contours of constant horizontal velocity as a func-
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It has even less influence at earlier times in the simulation.
At large distances from the center of the downdraft, it does aid
in slowing the advance of the gust front.

In nature, the downdraft is seldom if ever precisely axisym-
metric. We can partially determine the influence of geometry
by studying the changes induced by converting from an axisymmetric
simulation to a planar, two-dimensional simulation. This is shown
in Fig. 19. In this Cartesian case, the gust front moves
more rapidly than its axisymmetric counterpart and maintains its
strength out to greater horizontal distances. This difference
appears to be brought about directly by continuity in the outflow
layer. With the flow cross-sectional area increasing with in-
creasing r in the axisymmetric case, either the outflow velocity
or the depth of the outflow must decrease. This area change
does not exist in the Cartesian case. '

The results of simulating the limiting case of a neutral
downdraft is shown in Fig. 20. 1In this case the characteristic
normalizing velocity is taken as the velocity of the downdraft
at the top of the domain. The flow is that of a turbulent stag-
nating jet with no influence of gravity. 1In addition to the
scaling down of the velocities, the character of the flow is
quite different with no distinct gust front.

In all of the previous simulations the potential temperature
defect is prescribed by inflow conditions at the top of the domain
and there are no energy sources or sinks within the flow. As a
result of a separate contract for the Naval Air System Command,
we have been able to incorporate water change of phase into our
Cartesian case (Ref. 14). This permits us to simulate evaporative
cooling which is nature's forcing function for the potential
temperature defect. Figures 21 to 24 show the results of repeating
the previous calculation for no A6 in the downdraft at the top
of the domain, but permitting it to have a liquid water content.
The maximum virtual potential temperature defect is 5.6 and occurs
300 secs after the start of the run. The absolute temperature of
the air actually rises as the air moves down into regions of
higher pressure by compression. But in order to stay saturated
at the higher absolute temperature, it evaporates some of the
liquid water present and is cooler than it would be if it descended
along a dry adiabatic curve. Evaporative cooling allows the velocity
in this case to reach a value which is 2.5 times larger than that
for the neutral downdraft.
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Pressure Distributions

Since efforts are underway to develop gust front detectors
based on pressure jump sensors (Refs. 15 and 16), we include model
predictions of pressure perturbation distributions in Figs. 25
to 28. Figure 25 shows the time evolution of the Ap for our base
case. To interpret the results for other values of A6 and h ,
Ap should scale linearly with -gA6h . Note that the modest pres-
sure rise associated with the gust front is followed by a pressure
dip before the steady climb to the max Ap on the centerline.

The pressure distribution for smaller o/h is shown in Fig.
26. This decrease in downdraft o decreases the pressure jump
associated with the gust front. On the other hand, Fig. 27 shows
that increasing the mass flow of cold air by increasing wj/%W
increases the pressure jump associated with the gust. The sur-
face roughness has a much more modest influence on Ap , as may
be seen in Fig. 28.

Conditions Leading to Most Severe Wind Shear

The strongest wind shear conditions are likely to occur
under the center of a moderately small diameter downdraft. For
o/h ~ 0.3 , the downdraft is sufficiently large that the core can
penetrate to the surface before the potential temperature defect
is eroded by turbulent mixing, yet sufficiently narrow that the
maximum radial outflow occurs at a small radius (s0.8h). Under
these conditions the horizontal wind shear will scale as

[@[AGVTOh)(l + ‘«7__]?/‘?72)]}2 . This appears to be the type of down-

draft that occurred over the runway in Denver, Colorado on August
7, 1975. The simulated flight of a Continental Airlines 727
through such a downdraft was detailed in Ref. 2. The sharp loss
in air-speed appeared more responsible for the aircraft accident
than the negative mean vertical velocity.

Fujita (Ref. 10) defines a '"downburst' as a downdraft with
a vertical velocity greater than 3.6 m/sec at 91 m altitude.
Due to the approximate linearity of the vertical velocity with
respect to altitude near the surface, our model suggests that the
vertical velocity at this particular reference height should also

scale with [(g[80]/T_h) (1 + wJ%/ﬁz)]l/z . Our simulation case #2

suggests the proportionality constant is such that the downburst
criterion will hold whenever

2 j82\ 1%
[(glasfT h) (1 + wi/@*)1% 2 0.01 (3)
Although the wind shear conditions are not quite as strong

near the gust front, they are perhaps more dangerous because such
conditions can extend many kilometers away from the center of the
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downdraft and are highly transient. Thus, the pilot is much more
likely to be surprised by the gust front. From the preceding
section it may be seen that decreasing the surface roughness,
increasing the diameter of the downdraft, increasing the downdraft
velocity at the top of the domain, increasing the potential
temperature defect, and increasing the height at which the down-
draft is released all add to the persistence of the gust front.

It is interesting to note that the conditions which lead to
strong winds in the gust front several km from the center of the
downdraft are not the same as those which lead to strong wind
shear at the center. In particular, increasing h will decrease
wind shear at the center while it increases vertical wind shear
in the gust front at a large fixed radius.



III. WARM FRONT

The warm front is quite different from the thunderstorm gust
front. It typically involves significant horizontal tempera-
ture gradients over distances of a few hundred kilometers. In
our previous reports (Refs. 1 and 2), the influences of this
baroclinicity was simulated by introducing a vertical gradient
of the geostrophic wind into our one-dimensional planetary
boundary layer model. This appears to give a gquite wvalid
representation of the boundary layer flow. The difficulty lies
in determining appropriate geostrophic wind profiles. 1In the
present section we use our two-dimensional model so that the
pressure gradients may be internally determined by the dynamics
of the front.

Well above the surface boundary layer the slope of a warm
front is expected to be determined by the stable balance between
hydrostatic and Coriolis forces as given by Margules' relation-
ship (Ref. 16)

Au fT
Frontal Slope = ——2359 4

Our simulation will impose this slope condition at the top of
the domain. At the ground, the surface roughness and the ground
temperature are specified. The vertical profiles of wind and
turbulence far ahead and far behind the front, where there are
no baroclinic effects, are set using the one-dimensional
boundary layer model.

The largest source of uncertainty introduced into the model
is the specification of the stream function across the top of
the domain (2 km in the present computations). The slope con-
dition of Eq. (4) was applied to the other model variables but
we were unable to find a simple way of applying this constraint
to the stream function. We guessed at the horizontal transition
between the stream function value at 2 km height well ahead of
the front and that well behind the front. We believe the results
below 500 m altitude which are of primary interest to us, should
be a valid simulation of that likely to occur in a front.

Scaling Relationships

The purpose of this section is to determine the dimension-
less parameters that significantly affect the structure of a
front, and to provide what information is available about what
affect they have.

The only dimensional parameters entering the simulation as
outlined in the previous section are Aqﬁ, A, g, T, £,

ug , Vg , 2o and Ogurface ° where is taken parallel to

37



the front and V mnormal to the front. We could also formally
include the viscosity and thermal conductivity of air. However,
for the large Reynolds numbers appropriate for this atmospheric
flow, the turbulent transport of momentum and heat will be
determined by the flow with essentially no dependence on these
two molecular transport coefficients. By taking the surface
temperature to be in equilibrium with the air ahead of the front,
we also eliminate Ogyrface from the list. The remaining eight
parameters can be grouped to form four independent dimension-
less variables. These may be taken as

fAu TO
M = 286 , Margules' parameters
u
Ro = féi , a Rossby number
o

and two velocity ratios Au_/u and v_/u
g 8 & 8

In cases of principal interest for determining aviation
hazards, we expect u on one side of the front to be much
larger than that on tBe other side and also much larger than any
normal velocities. Thus, in these interesting cases, the last
two velocity ratios should remain roughly fixed at 1 and O,
respectively. This leaves the low-level warm front structure
determined by M and Ro. Changing Ro affects the structure
of the surface layer. However, in the neutral case, it was
shown in Ref. 1 that appreciable changes (i.e., factors of
10-100) are required to exert a significant influence on this
structure. In the next section, we show simulations of two
fronts which are identical except that 2z, 1is changed from
0.001 to 0.1 . This variation spans the range of major interest.
It is seen that the structure of the front is only moderately
influenced by this change. Thus, the effect of this parameter
seems to be weak.

If the dependence of the solution on the two velocity ratios,
Au /ug and vg/u , and on the Rossby number are neglected, then
th8 vBriations wi%h respect to M can be adsorbed by appropriate
scaling of z and y . When =z 1is normalized by Aug/f , v by
gho/Tof , 6 by A0 , and all velocities by Au then the
slope of the front above the boundary layer will always be one
in this normalized domain. The parameter M can then only
enter the problem weakly through the other three parameters.
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Simulation Results

Due to the large disparity between two characteristic times
in this front calculation, it has proved to be a much more dif-
ficult numerical calculation than that of the gust front. The
numerical time increments must remain small with comparison
to the Brunt-Vaisild period of the most stable flow in the front.
This limits the step-size to a few seconds. However, the simula-
tion must be run for a few hours to permit Coriolis forces to
be properly balanced. Consequently, approximately 1000 computa-
tional steps are required. Because of this, we have made a
modification to the turbulence modeling to keep round-off errors
from becoming a problem after this large number of steps.

Figures 29 to 32 show the results of a simulation with
M=0.006 and Ro = 108 . The flow was initialized by imposing
a transition of all the primary wvariables from that for one-
dimensional, barotropic flow far ahead of the front and far be-
hind it. The transition is given a thickness of 100 km about
a line with slope M . The figures show the structure of the
front after approximately four hours of simulated time. During
the run, all variables are held fixed on both sides which are
640 km apart. We show only the central part of the flow below
1 km altitude.

Figure 29 shows the mean wind parallel to the front. This
is the component with the strongest wind shear. An aircraft
descending through the air ahead of the front will have the wind
first increasing and then decreasing. The horizontal variations
occur slow enough that an aircraft descending on a 3° glide
slope will be principally affected by the vertical wind shear.

The other principle flow variables which accompany Fig. 29
are shown in Figs. 30-32. The strong damping effect of the
stable temperature gradient on the turbulence is readily ap-
parent in Fig. 32. The horizontal gradients of all the wvariables
are slightly stronger at the surface than they are at 1 km. Ap-
parently the convergent flow induced by the surface layer has a
stronger influence than the higher turbulence at the surface.

The effect of increasing surface roughness is shown in
Figs. 33-36. The turbulence level near the surface on the cold
side of the front is significantly higher. The other variables
are changed remarkably little.
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IV. SUMMARY AND RECOMMENDATIONS

Scaling relationships have been given for the wind shear and
turbulence existing near the surface in either a thunderstorm
gust front or a synoptic scale warm front. Decreasing the sur-
face roughness, increasing the diameter of the downdraft, in-
creasing the potential temperature defect, increasing the height
at which the downdraft is released, and increasing the downdraft
velocity at the top of the domain all add to the persistence
and strength of the gust front.

The gust front was scaled in terms of our simulation model
parameters. Further work should be done to relate these model
parameters to quantities which are measurable in thunderstorm
environments. The quantities A6 , h are all related
to conditions within the parent thunderstorm bu% are not readily
available. Parameters more usually available are those derivable
from the prestorm soundings such as the temperature, dew point
and wind profiles. The maximum A6 possible to drive the gust
front would be obtained by assuming that mid-tropospheric air is
cooled to its dew point by falling rain and then descends along a
moist-adiabatic curve to the surface. Estimates based on available
prestorm soundings is beyond the scope of the present report.

In the simplified geometry of our model gust front we have
not introduced any mean velocity parallel to the gust front.
Observations (Ref. 17) often also show significant jumps in this
wind component. We believe that our model could also be used
to exemplify the role of this wind component in the gust front
dynamics. Such a velocity could be particularly important in
analyzing the pressure variation associated with the front.

The warm front is shown to be a function of four dimension-
less variables. The parameter inducing the strongest influence,
Margules' slope parameter, can be incorporated into the scaling
of the front structure. Simulation runs were made to determine
the influence of Rossby number. Further runs should be made to
determine the influence of the two velocity ratios needed to
completely specify the geostrophis winds before and after the
front.

The wind profiles obtained in the warm front simulations
appear to be quite similar to those calculated in Ref. 1 by
assuming vertical geostrophic wind gradients. However, the present
computation gives us consistent relationships between the vertical
temperature gradient and the vertical geostrophic wind gradients.
The horizontal thickness of the warm front above 1 km altitude
is thicker than anticipated. This introduces the question as to
how important change of phase of the water molecule which usually
accompanies a strong warm front is to the dynamics of the front.
If there is significant change in relative humidity across the
front, then it is possible that condensation on the warm side of
the front and evaporation on the cold side can act to sharpen
the temperature gradient across the front. This is a problem we
would 1like to pursue in the future.
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APPENDIX A

TURBULENT TRANSPORT MODEL OF A
THUNDERSTORM GUST FROKT

M. E. Teske and W. S, Lewellen

Aeronsutical Research Assoclates
of Princeton, Inc.
50 Weshington Road
Princetor, Few Jersey OBSALC

1., IKTRODUCTION vortices (Bilanir, Teske, and Williamsor,

1977). In this paper we consider the flow
The local gust front created by the structure around an idealized cold outrflow

rain-cooled outflow from & severe thunder- from a thunderstorm.

storm 1s & rfamiliar phenomenon. The

downdraft impinges upcn the surface of 2. THE MODELED EQUATICKE

the earth and spreads radially outward,

generating substantial windspeed varia- The egquaticns for vorticity n ,

tion and large windshear near 1ts leading streamfunction ¢ , potential temperature

edge and at 1its core. The developing @ , and the second-order turbulent corre-

gust front may extend more than 20 km lzations needed to close the set are glven

from the storm {Gofr, 1975) and poses a in Appendix # in an axisymmetric coordinsate

gerious hazard to safe alireraflt opera- system. A derivatior of the Reynolds egua-

tions. Several accldents over the last tions for the second-order turbulient cor-

few years appear directly attributabie relatlons, and a discussion of the model

to either the downdraft or its accompany- develeopment and constant evaluation, may

ing outflow (Williamson, Lewellen, and be found in Lewellen (1977). Several

Teske, 1977). variables are normalized by r to Insure
analyticity at r = 0 . These variables

Probably the most detalled numerical are denoted by the pver-tilde =~

model of this phenomenon previously pre-

sented 1s that by Mitchell (1875). He The differentlal eguations are writtern

simulated the gust circulation using a in flnite-difference form on a nonuniformly-

primitive equation model with no direct spaced grid and solved with a centered-

turtulent transport. Instead, he in- space, lorward-time alternating-direction-

cluded several numericel damping mech- implicit algorithm. The Poisson equation

anisms to suppress any instabilities in- is evaluated using a fast direct elliptic

herent in his sclution approach. Al- solver developed by Swarzirauber and .

though his results are in gualitative Sweet (1975),

agreement with observations, we belileve

the problem warrants the use of a con- 3. PROBLEM DEFINITION AND INITIALIZATICKN

sistent turbulent transport model.
The simulated flowfleld is illustrated

An invariant model of turbulence has in Figure 1. We idealize the outflow from
been under development for several years the thunderstorm as a ¢old jet of tempera-
at A.R.A.P., with work summarized in an ture ©84(r) impinging normal to the
early repor{ by Donaldson (1973) and more ground, released at a height 2n., with
recent papers by Lewellen (1977) and vertical velocity Wy(r). The temperature
Lewellen, Teske, and Donaldson (1976). defect below the ambient temperature is
The second paper (by Lewellen) details caused by evaporation of falling rain by
the extensive model constant determina- relatively dry alr at some altitude
tion for incompressible, Boussinesg N zZ > Zpay s For our simulaztion we set
flows, the development of a dynamlc scale
equation, and the simllaritles of our edmax = -10°C , wlth the veloeity of the
aprroach with the work of other investi- cold jJet set to the somewhat arbltrary
gators. In recent work we have simu- maximum value of -10 m/sec. Both Wg
lated compllcated flow problems within and &4 are assumed to have CGaussian
thermal plumes (Teske and Lewellen, 1976), distributions with a radial spread of 2 km
coastal boundary layers (Lewellen and The height of the simulation domain 1s set
Teske, 1976), end multiply-shed aircraft 8t Zpay = 1600 m . The celd downdraft

Presented at 10th Conf. on Severe Local Storms, Oct. 18-21, 1977, Omaha, NE.
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lating them linearly to zerc values at
the surface. The turtulence Is initilal-
ized as isotropic. The maximum Iinitial
value of = 2 m/sec is sufficliently
smell that T% 1s guickly deminated by
turbulert production. The simulation

is run for 1200 seconds after 1nitializa-
ticn, at which time the leading edpe of
the gust front extends approximately

E km fror the center of the downdraft.

Wi-10mae 8. -10%¢

b, SIMULATICH RZSULTS

A good way to follow the structure
of the develorping gust is tc¢ observe the
movement of 2 fixed temperature valus

Fig. 1. Coordinate syster for the axisymmetric line, in this case @ = -2°C as showr 1r

radial thunderstore gust front simulation. Figure Z. At t = 0 the initiazl limear
300

is orrcsed ty & wezrlyv-convergent [low 1230

with arn asczsurmel of

. a gt - =
-:.5 misez at Tl s Trax 1000
27 kro.

. m

The surfzce tezrrperature is se: equal 730
tc the constant artient potentizl temper-
ature. This Torees the surface layver 200
under the gust tc te unsiable. However,
we expect the Monin-Cltukhev length to be
sufficiently large, so that the neutrzl forn 30
¢l the surlace lezyer 1s adequate for the
mean varliztle relationshirs 2t 2 refler- o K )
ence heigh: {2z, = 10 m} where the surface o 10on 7038 3004 4Gar  s0Di  66Gi 7G4 8400

supm . 3oy 3 =4 - 3 .

%fqei bf%?g::}ncinu;::?ns ari ar;_%igﬂ N Fig. 2. 1Isopleths ofconstanttemperacure

g UFLLi&ne COorre- c“onf are assum =0 defect (O = -20C) at several times afrer
follew 2 cerg-glope ccenéition &t z,. and initialization
o ~ - 4 A 3 1 - .
nax ’wfz:obghiss;iizh“ifninffg;; algﬁi prcfile is shown, but by t = 200 sec the
e ene . 1 eouzl ) structure has developed Intc a meving
E‘S" 'o“g%i;si .5 < fs set “3%ia;°? e front. At t = 3%C sec the front has
a:‘~?::_a~';=:§:;gr - 6%5235;;“;R,°£ haxwe torn away fror the downdraft region. At
Whiohever fg semallew. oo later times the strencth of the gust

ST R em mhEa AR decrezses as the effect of the arez charre
becormes more important. However, the
m = -t~ e =1 4 e »
e 4;§§;sflec;'“ C':SZ \frig,_ﬁr“;:qtn - height ol the gust appears to grow slowly,
L the aps:onreX  BUE  fmex e eent so that by t = 1000 sec the © = -2°C

c art < o e o - _
wietn t E_ET-LER convergense aff ne cen line reaches nearly 1 km in altitude a‘ =
trc:-dfh”"ci“ prev-ous- l desc.-be“.;bThe distance of nearly & km from the source
rerticity and temperziure r i :
ver Eqa‘ f ,é?;fi; f? §rerp efcr lec centerline. The front is still oulte
atv inflicw Deourndaries arnd given zerc slope strong at this point, and is moving out-
at cutlleow bournderies., BY  rroa. th = S0 = e
t;;cioﬁ_; JE" A crential c??%erP?Qﬁe ward at approximately 2.£ m/sec. & se-
dé;ec,';;e‘;;-cgaqu“ho ":“o R aquence of overprint intencity cross-

e TEr EREES LY EssE sectional proflles for € 1s shown 1in
The rrima=v vartables in this simu- Figure 3. This sequence shows the initizl
latior are ihe ienperscure defect (below dropping of the cooler temperature (at

Arb fems 5nLlLeL;;; -fzq-éiaré:er snd t = 100 sec); the formaticn of the frontal
the hg1g re ozt wrich 4t is released.  The ergss-sections (at t = 200 sec); the
larfer sca e UDSra -t within whioh The tearing of the front from the ccre (b
Oohfa,,p; i e;:éiéé; wil1 play 2 vole in t = LOC sec); the developmen: of waves o~

! o - PRSI w - L a3 T - H o t = -..;‘
retarding the late-time gust front within :25}Fe:ggriﬁgrgsizgiigigghgbé, a faz;l"

h rputational al 2 3 i ‘ p
the co :E* ﬂaonf ‘do -r, but should not steady temperature structure at lats timer
be 2 crivical facior as long s the in- for the front and central core regions

N o R . by e a s
fiow veliocity is smeller thean the result- v

- 1 .- L P + . - - 5 s m
ifg_:““efﬁé‘-f"mgia°ec tfloiltiis'q i?? Accompanying cross-sectional contour
?“_f;“ff‘;jcc‘;pf?iri’f;” :_e 1~E sur.ace pluts for the radial velocity U and
cBLEETELUTE &NL -hE Sur-ace rougo- vertical velocity W are shown in
ness. Figures 4 and 5. The U wvelocity shows

the development of a line of demarcaticr
between the flow eway fror and toward the
axis at an altitude between 600 m End 1 kr.

The [low rroblem is initialized by
ing the boundery values of vorticity

E
nd temperature st 2 ax and extrapo-



Fig. 3. Overprint intensity cross-sectional profiles for the time-history temperature within the gust
front simulation. The darkest areas correspond to the maximum temperature defect of O = -10°C while

the minus sign (-) corresponds to -1.82°C < © < =0.73°C . The horizontal scale is in 1 km increments;
the vertical, 160 m increments. Time is given on the figure in seconds.
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This line shows the hump over the gust
front, the increased radial velocities
within the front regions and the increased
veliocities at altitude in the inflow to
conserve mass along cylinders of constant
r . The U wvelocity rapidly reaches a
maximur. of about 25 m/sec near the surface
and remains relatively constant. The W
profiles show the development of distinc-
tive up and downdrafts across the front
region. A most interesting feature 1s

Fig. 4. Contour plots for the radial velocity

U at several times after flow initialization.
Normalization is by & maximum velocity of 25
m/sec. The figure notation is in percent of max-
imum; thus, P = 90 to 100%; 7 = 70 to 80%,

5 =50 to 60%; 3 = 30 to 40%; 1 = 10 to 20%;

+ = 1%; - = -12; 2 = -10 to -20%; 4 = =30 to -40%;

6 = -50 to -607%; 8 = ~70 to -80%; M = -90 to -100%.

The horizontal scale increment is 1 lm; the ver-
tical scale 160 m .
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the location of maximum W , within the
central core between 600 and 900 m . Al-
though we are forcing an inflow of 10
m/sec, the simulation determines a maxi-
mum downdraft jet of over 18 m/sec in the
core.

The computed wind fields are 1n
qualitative agreement with the observa-
tions of Goff (1975,1976). The maximum
horizontal velocity and maximum updraft

air

Fig. 5. Contour plots for the vertical velocity
W at several times after flow initialization.
Normalization is by a maximum velocity of 25
m/sec. Figure notation is described im Fig. 4.



velocity are close to those usually ob-
served. Our model result does glve a
more sharply defined, intense downdraft
than Goff usually observed with his top
vertical velocity sensor at U444 m . How-
ever, he does report (Goff, 1976) the
occurrence of a downdraft in excess of
-1l m/sec at the 177 m level. Sco our
maximum mean value of =-~9 m/sec at this
level appears reasonable,.

A stralght tradeoff between potential
energy and kinetic energy suggests that
the maximum winds in the gust front will
vary roughly as the square root of the
product of the temperature defect and
the characteristic height of the region
of depressed temperatures:

g 1/2
U s W 4y c] -4
max max (Oo dmax max>

This rough scaling agrees surprisingly
well for both the maximum veloclty of

the downdraft and the maximum velocity of
the radial outflow. The maximum mean
velocity occurs at some altitude before
the jet starts to stagnate as it ap-
proaches the surface. Thus the height
associated with W 1s less than the
corresponding height for U

The associated contour plots of
total veloclty variance g and vertical
velocity variance (Www) are shown
in Figures 6 and 7 at t = 1200 sec.

Here we see a substantial turbulence
level with q ~v 0.4 Upaxy near the
stagnation poTn% of the flow, and a less
severe level within the gust itself. The
evaluation of an eddy viscosity coeffi-
cient formed from uUw and 23U/3z

(Figure 8) shows a substantial cross-
sectional change across the computational
domain and consequently a measure of the
error involved 1n using & constant eddy
coefficlent. The strong damping of the
turbulence at the interface between the
cold outflow and the ambient air forces the

Contour plot of the total velocity
Normalization is

Fig. 6.
variance q at t = 1200 sec.

by the maximum root-mean-square velocity of 10.2

m/sec. Notation is described in Fig. 4.

Fig. 7. Contour plot of the vertical velocity
variance (Ww)% at t = 1200 sec. Normalization
is by the maximum-root-mean square velocity of
8.5 m/sec. Notation 1is described in Fig. 4.

Contour plot of the effective eddy vis-
cosity coefficient K = ~uw/(3U/32) at t = 1200
sec, Normalization is by a value of 100 m?/sec,

Fig. 8.

although the P and M regloms contain K wvalues
substantially larger. Notation is described in
Fig. 4.

marked reduction in eddy vliscosity and per-
mits the development of strong wind shear.

The model simulation provides a com-
plete description of the mean wind and
turbulence fields from initialization at
t = 0 sec to t = 1200 sec. All of the
developing cross-sectional profiles for

v, U, W, n, ©, A, Uw, UG, w8, 82, Gu, Vv,

and Www have been stored on tape and are
available to interested users for a nom-
inal copying fee.

To understand some of the baslc var-
jability of the gust simulation, we per-
formed two further gust front calculations.
In the first we set the inflow spread of
the W veloclty equal to 500 m , while
in the second, we ran the 2 km case in a
Cartesian coordinate system (thereby sim-
ulating a squall-line). The cross-sec-
tional profiles are all qualitatively
similar to the results shown here. Fi-
gures 9 and 10 show the profiles for
U and W 1in the 500 m radial case.
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When the spread of the downdraft Jet
is reduced by a factor of Y, the maximum
U and W velotities remaln essentially
unchanged in the core region but are
substantially reduced at the front, as
can be seen by comparison with corres-
ponding frames in Figures 4 and 5. The
line of demarcation between outflow and
inflow U wvelocity drops from about
60C m to 300 m , with the gust spreading
only about 5 km . The increased shear in
the central shaft doubles the turbulent
kinetic energy there.

In the Cartesian case the squall-
line does not have an area change to
affect it; consequently the simulation
indicates that the gust front is stronger
and moves more rapidly than 1ts axisym-
metric counterpart. The maximum U near
the ,surface reaches 24 m/sec and Wpoy =
18 m/sec in the core. The turbulence in
the core is nearly double the turbulence
near r = 0 1in the radial gust. The
two-dimensional geometry allows the gust
front to spread to about 10 km at t =
1000 sec, with a frontal speed of about
7.5 m/sec, nearly three times its axi-
symmetric value. The line along which
U changes sign rises to about 1200 m

Fig. 9. Contour plots of the radial velocity U
at two times after flow initialization with a
downdraft spread of 500 m . Normalization 1s by
25 m/sec; notation is described in Fig. 4.
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The simple potential and kinetie
energy balance indicates that the simula-
tion height zmax anéd maximum tempera-

ture defect edmax are critical para-

meters in determining the maximum speeds
within the downdraft shaft and the radial
front. Even a factor of two increase in
both these parameters would probably not
lead to a substantial change in the
gqualitative character of the results
presented here. With a stronger conver-
gent flow, the gust front would probably
move outward at a slower rate; however,
the veloclty patterns within the front
should again remain faithful to the simu-
latlon presented here.

The temperature profiles show a
slight curvature at the leading edge.
This effect, as well as the scrubbing of
the winds along the surface, depends
intimately on the dlfference between the
surface and ambient temperatures, and the
surface roughness. One would expect that
increased surface roughness would accen-
tuate the appearance of the leadlng edge
as the fluid close to the surface 1s more
restricted than the fluid above it. The
height and shape of the front region also
should be a function of the ambient sta-
bility of the atmosphere.

Fig. 10. Contour plots of the vertical velocity
W at two times after flow initializatlon with
a downdraft spread of 500 m . Normalization is
by 25 m/sec; notation is described in Fig. 4



5. CONCLUDING REMARKS

This simulation demonstrates the
relative ease with which a second-érder
closure turbulent model may be used to
predict a decidedly complex fluid flow
problem with only a minimum of essential
assumptions on appropriate boundary con-
ditions. The evaluation of the modeling
constants, the burden of which falls on
much simpler flow problems, has permitted

the application of the model to flow situa-

tions where very few assumptions must be
made, a priori, about the internal tur-
bulent and mean flow structure.

With the wind distribution and tur-
bulence modeled, it 1s possible to pre-
dict the environment an aircraft might
encounter while flyling any assumed
trajectory through the flowfield. This
has been done by Williamson, Lewellen,
and Teske (1977) in an attempt to simu-
late the environment present at the time
of three different thunderstorm-related
accldents occurring at Denver on Aug. 7,
1975, Chattanooga on Nov. 27, 1973, and
St. Louils on July 23, 1973. The aircraft
accident which occurred at JFK airport on
June 24, 1975 also appeared to involve
flying directly through an intense down-
draft cell on final approach (Fujita,
1976 and Lewéllen, Williamson, and Teske,
1976) but it was further complicated by
the presence of a sea-breeze front.

If an aircraft were flown through the
center of downdraft at an altitude of a
few hundred meters, it would lose 30-40
m/sec alrspeed in a few kilometers as
seen in Figure 4. This, even without the
accompanying downdraft, produces an ex-
tremely hazardous situation for an air-
craft flying =20 m/sec above its stall
speed. Conditions within the gust front
are not guite as extreme but are more
difficult to anticipate because they
occur so far from the storm center. We
expect to do a sensitivity analysis on
our model to determine which outflow
parameters lead to the worst gust front
wind shear conditions.
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APPENDIX A.

The modeled axisymmetric equatlons
of motion for the mezn variables (denoted
by capitals) and the turbulent correla-
tions (lower-case) may be written in
the coordinate system shown in Figuvre 1
as follows:
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g? = Uu + VvV + ww
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and U and W are found by solving the
Poisson equation for the streamfunction v

[
=N
—
n
i

3%y 1 3y , 3% _ -

572 ~ T 3r ' §gz - TN
with

7= .1 3¥ s 13

u r? oz V=T

The modeling constants carry the
values: Ve = 0.3y A=20.753; b =0.125

s = 1.8 ; sy = -0.35; s, = -0.6 ;

sg = 0.375 5 and s, = 6.8 The equa-
tions include gravity g and surface
temperature @o
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